Red Fish Bay field exemplifies the tremendous bypassed hydrocarbon potential in supposedly depleted sandstone reservoirs of the Frio Formation in South Texas. Since discovery in 1950, Red Fish Bay field has produced nearly 19 MMBBL of oil and 32 BCF of gas from more than 50 stacked Frio sandstone reservoirs. Upper Frio oil and gas reservoirs account for 80% of total field production, although these reservoirs were recently abandoned in favor of deeper Frio targets.
Introduction
Red Fish Bay field, in Nueces County, Texas ( Fig. 1) , is part of the distal Frio barrier-shoreface and inner-shelf sandstone play (Galloway, 1986 ). The field is 5 mi southeast of Aransas Pass on State Submerged Lands in Corpus Christi and Red Fish Bays. Since field discovery in 1950, more than 50 stacked reservoir sandstones in the middle to upper Frio Formation have yielded nearly 19 million barrels (MMBBL) o£oH and 32 billion cubic ft (BCF) of gas. The trapping mechanism is an anticlinal closure on the footwall of a growth fault, in addition to a facies change to more shaly sediments to the east and southeast.
More than 180 exploration and production wells have been drilled in the 18-mi 2 field area since 1950 ( Fig. 2) . At least 12 operators participated in field development. The current major operator of Red Fish Bay field acquired the leases in 1989. At the end of 1991, Red Fish Bay field was producing 50 BOPD from 7 producers and 1100 MCFD from 10 producers (Railroad Commission of Texas, 1992) .
We examined 19 major reservoirs in the upper Frio Formation (Fig. 3) , recognized by the Railroad Commission of Texas as reservoirs (in descending stratigraphic order): zone 10-A; zone 10 Lower; zone 9; zone 8; zone 5; zone 5-A; zone 5-B; zone 14 (including zones 14 Up, 14 Up North, and 14-A); zone 15 (including zones 15 Up, and 15-A); zone 17 (including zones 17 Up, 17 L, and 17 Lo); and 18. The Common 10 reservoir, consisting of commingled gas production from zones 10-A and 10 Lower reservoirs, was not examined in detail because it extends well beyond the field limits.
These upper Frio reservoirs lie at depths of 7,300 to 8,500 ft and have yielded more than 17.7 MMBBL oil and 11.2 BCF gas, which is 80% of cumulative field production. All the reservoirs were produced only on primary recovery, except zones 5A and 5B, which were waterflooded. Hydrocarbon production from these reservoirs declined during the 1960's, and most were abandoned by the early 1970's. In 1991 only one of the reservoirs, zone 14, was actively producing. Field operators have long considered these upper Frio reservoirs to be depleted, and recent drilling activity has focused on deeper Frio targets.
These upper Frio reservoirs were selected for detailed analysis because they presented an excellent opportunity for locating bypassed resources in abandoned hydrocarbon reservoirs. Our objectives were to determine the distribution of hydrocarbon-saturated reservoir rocks, assess heterogeneity in reservoir quality, identify underexploited regions, and recommend appropriate strategies to improve ultimate hydrocarbon recovery. data exist for cored intervals in 10 wells, no core was available. Completion, potential test, and production data were compiled from the Railroad Commission, International Oil Scouts Association, and Dwight's. Reported oil production is on a per-lease and total reservoir basis, and individual oil well production data are unavailable for older fields such as Red Fish Bay. Incomplete early production records, along with multiple completions and commingled production in many wells, hindered efforts to use periodic well test production potential data to apportion per-lease oil production data to individual wells.
Geologic Setting Structure
The principal trapping mechanism for Red Fish Bay field is a large anticlinal closure on the footwall of a growth fault; this fault delineates the northeastern field limit (Fig. 1) . The eastern and southeastern field limits are defined by a depositional facies change to increasingly shalier sediments (Figs. 4 and 5) . Stratigraphic displacement along the northbounding growth fault is 340 ft at the northeast corner of the field, and throw gradually decreases to < 100 ft along strike to the northwest. Small-scale (10 to 20 ft throw), intrafield normal faults also are recognized, although the sparse well coverage, paucity of detailed (5 in = 100 ft) well logs, and lack of seismic data precluded detailed mapping of these minor faults. Within most of the studied reservoirs, however, fault-induced compartmentalization is minimal because reservoir fluid contacts are continuous and conform to structure. Production data confirm the lack of faultinduced reservoir compartmentalization.
Faulting and anticlinal closure reflect deep-seated diapirism of Vicksburg Group shales into overlying lower Frio sediments (Bishop, 1977) . Regional mapping of formation water temperatures and salinities suggests that shale diapirism locally enhanced vertical permeability and formed conduits for ascending brines and hydrocarbons from deep Mesozoic source rocks (Galloway and Morton, 1989) . Regional growth faults, including the major growth fault west of Red Fish Bay field ( Fig. 1) , provided additional pathways for ascending brines and hydrocarbons (Galloway and Morton, 1989) . The fluids flowed away from the growth fault into adjacent thick Frio reservoir sandstones and migrated updip until the hydrocarbons were trapped by anticlinal closure and depositional facies change.
Regional Setting
The upper Oligocene Frio Formation is a major clastic depositional unit on the Texas Gulf coast (Galloway et al., 1982; Galloway, 1986) . In south Texas, the Norias delta prograded across the Frio shelf to form an extensive deltaic headland. The wave-modified Norias delta supplied sediment that was transported to the northeast by littoral drift. This sediment accumulated in the interdeltaic embayment between the Norias and the Houston delta systems to form linear, strike-aligned barrier island/strandplain sandstone bodies of the Greta/Carancahua system. Barrier/strandplain sandstones graded landward into lagoonal and coastal plain
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Contents Search Figure 5 . Net sand isopach map for zone 14 sandstone. SP log traces show that thicker sandstones to west and northwest contain greater internal stratigraphic complexity and consist of multiple amalgamated sand bodies, whereas thinner, less stratigraphically complex sands to southeast reflect lower sand influx and less reworking and amalgamation of sand bodies.
mudstones and were flanked seaward by a broad sandy shelf (Galloway et al., 1982; Galloway, 1986) . The Frio Formation is subdivided into three regionally correlatable, lithostratigraphic units (Galloway et al., 1982) . This paper focuses on sandstone reservoirs in the upper Frio Formation, which accumulated during a period of relative coastal stability. The uppermost Frio Formation (above MFS-D, Fig. 3 ), which is in the Marginulina zone of the Anahuac Shale (Corpus Christi Geological Society, 1968), records long-term, regional transgression. Near the Norias delta system in South Texas, however, continued sediment supply limited marine transgression, and the delta prograded locally. Deltaic sediments were transported to the northeast by littoral drift, and sediment influx allowed shorelines to remain relatively stable during initial Anahuac transgression. Regional transgression coupled with high sediment supply resulted in aggradation and stacking of multiple sandstone reservoirs. Ultimately, continued transgression terminated sand influx with widespread flooding and deposition of marine muds (Galloway et al., 1982) .
Facies and Depositional Environments
Upper Frio sandstones in Red Fish Bay field accumulated in barrier/strandplain to distal shoreface/inner shelf depositional environments of the Greta/Carancahua system (Galloway et al., 1982; Galloway, 1986; Hamlin, 1989) . Sandrich, barrier island/strandplain complexes dominated the shore zone. The sandstones are characterized by blocky SP log profiles, and thicknesses range from 30 to > 100 ft (Fig. 4) . Sandstone reservoirs in these facies of the Greta/ Carancahua system are described by Galloway and Cheng (1985) and Tyler and Ambrose (1985) . These sandstones, minor producers in Red Fish Bay field, were not examined in detail.
Principal reservoir sandstones in Red Fish Bay field were deposited seaward of the barrier/strandplain complex on a broad, sandy shelf. The sandstone bodies are laterally continuous and are correlatable throughout the field (Fig.  4) . Downdip, sandstone content and bed thickness decrease, and log profiles become more serrate (Figs. 4 and 5) , reflecting increasingly abundant interbedded shelf mudstones.
Upper Frio reservoir sandstones in Red Fish Bay field were divided into seven depositional sequences, equivalent to parasequence sets, by laterally persistent shale beds that define regionally correlatable flooding surfaces (Figs. 3  and 4) . Depositional sequences consist of multiple sandstone/ shale units arranged in progradational and aggradational successions. The reservoir sandstones and bounding shale flooding surfaces were correlated throughout Red Fish Bay field, and structure maps of all 19 reservoirs and 8 flooding surfaces were prepared.
Sandstone-distribution maps were generated using digitized spontaneous potential (SP) well logs, which were normalized for baseline drift by subtracting the shale baseline from the SP curve. Relative SP deflection, expressed as a percentage of the maximum deflection between sandstone and shale, was used to calculate percent sand in the reservoir interval. Sand percentage multiplied by thickness was calculated for each 0.5-ft log interval with greater than 10% sand. The sum of these values, essentially "net feet of 100% sand equivalent," was mapped for each reservoir.
The zone 14 sandstone (Figs. 5, 6a, 6b, 6c ) exemplifies the upper Frio reservoirs and the depositional architecture defined by the sandstone thickness trends and SP log profiles. Zone 14 sandstone is thickest in the west part of the study area, flanking the regional growth fault (Fig. 5) . Dip-elongate sandstone lobes extend from the depositional axis onto the inner shelf. Sandstone quality decreases basinward, as the sandstones grade into increasingly mud rich facies with suppressed SP profiles. The eastern productive limits are defined by the basinward extent of sandstone deposition (Figs. 6b, 6c) , whereas the western field limits conform to structure (Fig. 6a) .
The SP character of the zone 14 sandstone varies considerably throughout the field. Stratigraphic complexity (e.g., the number of constituent sandstone beds) reflects the sandstone thickness trends. Sandstones in the west part of the field contain more constituent sandstone beds, whereas fewer constituent sandstone beds exist to the east, where SP deflections are more suppressed (Fig. 5) . Log patterns include abrupt lower/upper contacts, upward-coarsening, upward-fining, blocky, and heterogeneous facies successions.
Zone 14 sandstone accumulated seaward of blocky, sandrich barrier/strandplain facies in a shoreface to inner-shelf setting, and the sandstones grade basinward into shelf mudstones. Upward-coarsening sequences reflect shoreface
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Contents Search progradation and increasingly proximal deposition, whereas sharp-based beds are typical of distal shoreface/inner shelf storm beds (Galloway and Morton, 1989) . The highly variable log successions and the lack of a well-defined SP log facies distribution suggest that the zone 14 sandstone consists of multiple stacked and amalgamated sandstone beds. Superposition and amalgamation of different sandstone bodies subjected to varying degrees of reworking, winnowing of fines, and interdepositional bioturbation, account for much of the SP pattern variability. The number of constituent beds is highest in the proximal, western portion of the field where sand influx was greatest. Fewer constituent sandstone beds in the distal facies reflect the difficulty of transporting sand great distances from the depositional axis.
Distal shoreface/inner shelf sequences consist of thin to medium beds of well-sorted, fine-to very fine grained sandstones and coarser sandstone beds (Galloway and Morton, 1989) . These sandstones were deposited during storms by ebb surge, which swept sand from the shoreface and deposited it on the distal shoreface and inner shelf. Sand also was derived from longshore transport of sediment from the Norias delta (Galloway, 1986; Galloway and Morton, 1989) .
The sandstones are interbedded with siltstones and mudstones. These distal shelf facies exhibit monotonous suppressed SP profiles, interrupted by thin, spiky sand beds. The siltstones and mudstones are thoroughly bioturbated and record continuous biogenic homogenization of sediment in a quiet-water shelf environment. The minor thin sandstones record deposition of fine-to very fine grained sand, which are distal storm beds (Galloway, 1986; Galloway and Morton, 1989) . These muddier sediments locally were eroded and winnowed by high-energy conditions that accompanied shelf sand deposition and reworking, resulting in development of composite sandstone bodies with multiple amalgamated beds.
Reservoir Geology and Petrophysics
After field discovery in 1950, production increased until it peaked at 1,978 MBOE in 1953. Production declined during the late 1950's to 557 MBOE in 1960. Beginning in 1961, watered-out production wells in the 5A and 5B reservoirs were converted to water-injection wells, and a peripheral waterflood recovery program was initiated. Secondary recovery yielded an additional 2,000 MBBL from the two reservoirs until they were abandoned in 1972. Waterflooding, along with exploiting additional reservoirs, resulted in Figure 6 . Zone 14 reservoir, (a) Structure map of top of zone 14 sandstone; shaded areas delineate oil and gas reservoirs. Reservoir limits are defined by structure and sandstone distribution, (b) Sandstone isopach map, cross-hatched regions represent thick reservoir sandstones that are inadequately drained by existing well completions, (c) Estimated relative hydrocarbon saturation. Saturation distribution parallels net sand trends and documents underexploited regions with favorable hydrocarbon saturations.
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Contents Search • a second peak of 1,300 MBOE in 1965. Oil production declined throughout the late 1960's, and many of the upper Frio reservoirs were largely abandoned by the early 1970's. Oil accounts for 90% of the pre-1970 field production. By 1971, gas production exceeded oil production, as gas reservoirs and gas-prone deeper Frio targets were increasingly exploited. The oil reservoirs produce 38° to 42° API gravity oil with low original gas-to-oil ratios (generally <1000 ft 3 /STB). Reservoir drive mechanisms include solution gas and gas cap expansion, water drive, and pressure depletion. Reservoirs consist of <30-ft-thick sandstone beds interbedded with sealing mudstones. Reservoirs have high porosity (average 22 to 32%) and permeability (60 to 500 md). Porosity and permeability are highest in the west part of the field, and reservoir quality decreases downdip as the sandstones become finer grained.
Reservoir fluid contacts were identified from log, drillstem-test, and production data. Each reservoir has independent oil-water and gas-oil contacts, indicating that the interbedded shelf mudstones effectively isolate it from adjacent overlying and underlying reservoirs. Reservoir fluid contacts conform to structure and are continuous throughout the field (Fig. 6a) . Reservoir limits on the southeastern field margin are defined by depositional facies change to muddier sandstones.
Because mudstones and mud-rich sandstones have higher irreducible water saturations than clean, well-sorted sandstones, log-resistivity response is closely related to reservoir quality. In Red Fish Bay field, the saturating hydrocarbon phase has no apparent effect on the resistivity response. Resistivity logs show that interbedded mudstones effectively separate the reservoir sandstones into vertically isolated saturation compartments. Within a sandstone reservoir, hydrocarbon saturation corresponds to sandstone distribution, and variation in porosity and permeability imposed by depositional trends strongly influences reservoir performance and field production limits (Figs. 6b, 6c) .
Detailed log analysis was conducted on eight recently drilled wells that targeted deeper Frio reservoirs. These wells have the most complete logging suites recorded in the upper Frio interval, consisting of spontaneous potential, resistivity, nuclear, and acoustic logs. An advanced statistical interpretation program was used to derive the lithology, porosity, and water saturation in each of these wells and to extrapolate these interpretations to older wells lacking complete logging suites. Results compare favorably with the lithologic and hydrocarbon distributions defined by geological interpretations. Moreover, these recently drilled wells postdate abandonment of the upper Frio reservoirs and thus document bypassed hydrocarbons in these reservoirs.
Deep electric log resistivity measurements in older well logs in Red Fish Bay field are unreliable due to the numerous thin sandstone beds that compose many of the reservoirs. Because of this and the lack of reliable core saturation data, the Archie method cannot quantitatively determine hydrocarbon saturations. Nonetheless, qualitative estimates of hydrocarbon saturation and their mapped distribution (Fig. 6c) show that much of the underexploited reservoir regions have hydrocarbon saturations that are comparable to the better developed portions of the reservoir.
Reservoir volumetrics were calculated by superimposing hydrocarbon reservoir and sandstone isopach maps to determine the volume of hydrocarbon-saturated sandstone within the reservoir column (Figs. 6a, 6b ). Original oil volumes for the underexploited oil reservoirs, which were produced on primary recovery alone (Railroad Commission zones 10 Lower, 9, 8, 14 up, 14, 14-A, 15, 15-A, 17, and 17 Lo), are estimated at 54.1 MMSTB of oil (Fig. 7) . Subtracting the cumulative production of 7.23 MMBBL oil from these reservoirs indicates that nearly 47 MMSTB, or 87% of the OOIP, remains in the reservoirs. Similarly, the OGIP for the underexploited gas reservoirs (zones 9, 8, 14 Up N, 14, 15 Up, 17 Up, 17 L, and 17 Lo), is estimated at 46.5 BCF. Subtracting the cumulative gas production of 2.02 BCF from these reservoirs indicates that 44.5 BCF, or more than 90% of the OGIP, remains.
Recovery of Remaining Hydrocarbons
Comparison of the mapped hydrocarbon reservoirs with the distribution of production wells tapping each reservoir demonstrates that large areas of the oil and gas reservoirs are underexploited by existing completions (Figs. 6b, 6c) .
Recompletion of currently open boreholes will tap portions of these underexploited reservoirs. This project identified 22 prospective recompletion opportunities. Many of the underdeveloped reservoir regions, however, have no existing wells, or only have plugged and abandoned wells that were completed in other reservoirs. Exploitation of these regions will require infill wells. Because of the multiple stacked reservoirs in Red Fish Bay field, many of the infill drilling targets overlap, and regions with up to 4 to 6 stacked reservoirs have been delineated (Fig. 8) .
Current recovery efficiency for the oil reservoirs on primary recovery averages 13%. As expected, the reservoirs with the lowest recovery efficiency are the least exploited and have large untapped regions. The better developed reservoirs attain maximum primary recovery efficiencies of =25% at 40-acre well spacings. Assuming this 25% primary recovery efficiency, an additional 6.3 MMSTB of oil can be recovered from the underexploited reservoirs through recompletions and infill drilling. Moreover, volumetrics calculations indicate that the 40-acre well spacings did not adequately drain the reservoirs, and infill drilling to 20-acre well densities would recover additional hydrocarbons. Similarly, assuming 90% efficiency for gas recovery, compatible with the data from the better exploited gas reservoirs, implies that an additional 40 BCF of gas can be produced from the underexploited gas reservoirs. Secondary waterflood recovery in the 5A and 5B reservoirs yielded an additional 2 MMSTB, which is 20% greater than that projected for primary recovery alone. Secondary recovery efforts should also recover additional resources from the other oil reservoirs. However, most of the existing wells in these reservoirs are plugged, and a secondary recovery program would require drilling injection and production wells.
Conclusions
This study documents behind-pipe resources of nearly 47 MMSTB of mobile oil and 44.5 BCF of gas remaining in abandoned upper Frio sandstone reservoirs in Red Fish Bay field. These bypassed hydrocarbons reflect inefficient reservoir exploitation by competing field operators and the lack of previous fieldwide reservoir studies. Large areas of reservoir sandstones are untapped by existing well completions. We identified 22 recompletion opportunities and prospective infill drilling sites from 14 oil and gas reservoirs. Many of these sites contain 4 to 6 stacked prospective reservoirs. These geologically targeted opportunities are confirmed by well log analysis. The recommended recompletion and infill drilling strategies are expected to yield an additional 6.3 MMSTB of oil and 40 BCF of gas to the estimated ultimate recovery from Red Fish Bay field assuming primary production alone. Enhanced hydrocarbon recovery will increase this predicted total.
